Abstract: A facile cross-linking strategy to construct flame retardant cellulose nanofibril (CNF)/sodium montmorillonite (MMT) aerogels with improved mechanical properties by incorporating melamine-formaldehyde (MF) resins into precursor suspensions followed by a freeze-drying process was reported in this work. Scanning electron microscopy images indicated that MF cross-linking did not significantly change the microstructures of CNF and CNF/MMT aerogels. However, the crosslinking improved the materials' mechanical and flame properties. By incorporating 50 wt% of MF, the compression moduli and compressive stress of CNF aerogels increased by 316% and 114%, respectively. The limiting oxygen index (LOI) value of CNF aerogels also increased from 17.1% to 23.4%. Further addition of MMT increased the CNF aerogels' LOI value to 57% and increased the maximum decomposition temperature by nearly 20 ºC. This occurred because MMT and MF induced a synergistic effect which improved the flame retardant properties of the CNFs aerogels. In CNF/MMT composite aerogels, the introduction of 34 wt% of MF led to a 54.6% reduction of the peak of heat release rate and a 53.2% decrease in total heat release. CNF aerogels made from sustainable feedstocks with excellent mechanical properties and high flame retardancy, like those discussed in this paper, show promise as fire resistant biofoams.
Introduction
Aerogels were pioneered by Kistler in the early 1930s. [1] These materials are characterized by their ultralow density and high porosity. [2] Since Kistler's discovery, aerogels have been developed using various matrices including silica, [3] carbon, [4] [5] [6] metals, [7] ceramics, [8] and polymers. [9] Recent research has studied the use of natural cellulose as a matrix because cellulose is sustainable and biodegradable. In particular, cellulose nanofibrils (CNFs) have been a focus of the past decade of research. [10] [11] [12] [13] CNF aerogels combine high specific surface area and porosity with excellent biocompatibility and biodegradability, which makes these materials good candidates for use in applications like wastewater treatment, [14] drug sustained release, [15] catalyst carrier, [16] and flexible devices, [17] etc.
CNF aerogels are excellent thermal insulators due to their high porosity. [18] Nevertheless, cellulose is a highly flammable material. This flammability severely limits the usage of CNF aerogels in many important high-temperature applications. To overcome this drawback, various methods have been used to improve the flame retardant properties of CNF aerogels. Yuan et al [19] prepared silica-CNF hybrid aerogels that exhibited excellent flame retardant properties and displayed selfextinguishment after ignition when silica content was higher than 33.6%. Javadi and coworkers [20] enhanced the thermal stability and flame retardancy of CNFs aerogels . [21] Magnesium hydroxide (MH) and aluminum hydroxide (AH) nanoparticles have also been synthetized in-situ within CNF aerogels to improve the material's flame resistance, respectively. [22, 23] Generally, these modification processes are complicated, harmful to the environment, or expensive.
However, the addition of flame retardant agents generally does not increase the mechanical properties of the aerogels. This is because the primary intermolecular force at work in these materials is the Van de Walls force. Based on these conditions and limitations, it is reasonable to expect that future research will focus on the development of low-cost processes that improve both the mechanical and fire properties of CNF aerogels.
Melamine-formaldehyde (MF) resin has been widely used as a gas-phase flame retardant additive in polymers. [24] [25] [26] In acidic media and at specific temperatures, MF resins can interact with the hydroxyl groups on the surface of the cellulose. [27] However, MF cross-linked CNF aerogels have not been widely studied. This study was designed to simultaneously improve the mechanical properties and flame retardancy of CNF aerogels via cross-linking. In this process, CNFs with abundant surface hydroxyl groups reacted with MF resins. CNF and CNF/MMT aerogels were prepared via a freeze-drying process as described previously. [28] MF resins were added to the precursor suspensions and then freeze-dried. The resulting CNF based aerogels were then heated to yield MF cross-linked CNF aerogels. The morphologies, mechanical properties, thermal stabilities, and burning behaviors of these materials were investigated.
Experimental Section

Materials
Cellulose nanofibrils (CNFs) with a diameter of 4-10 nm and a length of 1-3 μm were supplied by Guilin Qihong technology Co., Ltd (Guilin, China). Sodium montmorillonite (Na + -MMT, Nanomer PGW grade) was bought from Nanocor (USA).
Melamine-formaldehyde resin (MF, Permutex XR-9181) was purchased from Starr Paint Co., Ltd (Suzhou, China) as a cross-linking agent. Phosphoric acid of purity not less than 85% was supplied by Tianjin Sailboat Chemical Reagent Technology Co., Ltd (Tianjin, China). All chemicals were used without further purification.
Preparation of Pure CNF Aerogels
CNF suspensions (1 wt%) were prepared by dispersing 1g dry CNF in 100 mL of deionized (DI) water via mechanically stirring at 1200 rpm for 5 hours. The transparent precursors were then transferred into polypropylene molds followed by 
Preparation of CNF/MMT Composite Aerogels and Cross-linked Aerogels
The CNF composite aerogels were prepared following the scheme shown in Figure 1 .
MMT (1g) was dispersed in 50 mL of DI water using homomixer (ART-D9, Germany) at 20 000 rpm for 10 minutes to obtain a 2wt% clay suspension. Then, this MMT suspension was combined with 100 mL of the 1% CNF suspension described in section 2.2. The mixture was mechanically stirred for 1 hour until homogenous. The pH of the homogenous suspension mixture was adjusted to 4 via dropwise addition of phosphoric acid.
Variable amounts of MF were added to the homogenous suspension to crosslink the CNF. The compositions of the samples that were studied in this test are detailed in Table 1 . After the MF was added, the suspensions were mixed until homogenous. The resultant homogeneous mixtures were frozen and lyophilized. Finally, the aerogels containing MF were placed in an oven at 120 o C for 7 hours to achieve cross-linking. 
Characterization
The chemical structures of aerogels were studied using a Nicolet iS50 Fourier infrared spectrophotometer in the attenuated total reflectance mode (FTIR-ATR, Thermo Fisher, USA). Each sample had a spectral result based on 30 scans with a resolution higher than 0.09 cm The microstructures of aerogels were characterized using a scanning electron microscope (SEM, Hitachi-TM3030, Japan) at an acceleration voltage of 15 kV.
Before observing, samples were cyro-fractured and sputter coated with a gold layer.
The apparent densities of aerogels were calculated by the division of mass to volume of cylindrical samples. Five samples were used to evaluate each composition.
Compression tests were performed using a Hongda (China) universal testing machine using a load cell of 5 kN following the ISO 604 standard. The crosshead rate and maximum strain were set to 5 mm/min and 70%, respectively. Five samples were used to evaluate each composition.
Thermogravimetric analysis (TGA) was carried out to evaluate the thermal stability of aerogels using a STA449F3 thermogravimetric analyzer (Netzsch, are associated with asymmetrical CH 2 stretching and scissoring, respectively. [29, 30] With the addition of the MMT, new peaks appear at 506 cm -1 and 998 cm -1 , which are associated with the clay's AlO and SiOSi groups respectively. [31] MF modified CNF aerogels displayed a new band at 1741 cm -1 due to the C=O groups of free-floating formaldehyde molecules. [32] The band at 1555 cm -1 was assigned to the 1, 3, 5-s-triazing ring mode of melamine. [33] The peak of COC originally located at 1042 cm Neat CNF aerogels exhibited a typical lamellar structure. As seen in Figure 3a , pure CNF aerogels have oriented channels that were created by the ice crystals' growth path during freezing. When MF was added to crosslink the CNFs, the increased viscosity of the suspension led to a reduced rate of ice growth. Because of this, interlayer spacing became narrower and the layers became thicker. This is shown in figures 3b and 3c. Increasing MF amount in CNF aerogel (CNF40MF60), the quantity of polymeric struts connecting the layers decreased as seen in figure 3d . This is possibly induced by the self-polymerization of excessive MF, which was widely reported in works about MF coating at a similar condition. [34] [35] [36] MMT introduction led to the formation of the three dimensional network structure shown in figure 3e. The CNFs formed hydrogen bonds with the clay platelets and these bonds formed the cell walls of the aerogels. [37] The addition of MMT increased the viscosity of precursor solutions in the same way that the addition of MF did. This increased viscosity hindered the growth of ice crystals. The mobility of CNFs was limited due to this high viscosity and secondary crystallization occurred. [38] Low levels of MF did not significantly affect the structure of CNFs/MMT aerogels as shown in figures 3f and 3g. However, higher levels of MF (CNF28MMT28MF44) led to a structure with larger pores and lower number of connecting struts as shown in figure 3h. This could have occurred due to selfpolymerization of MF which lead to a decrease of the viscosity of the precursor suspension.
Morphologies of Aerogels
Compressive Properties
Figure 4.
Compressive stress-strain curves of aerogels are shown in figures 4a and 4b. All of the samples displayed typical elastic-plastic foam behavior. The parameters defining the compressive mechanical behavior, compressive moduli (E), stress at 10% of strain (σ 10% ) and stress at 70% of strain (σ 70% ) are summarized in Table 2 . Stress at 10% of strain (σ 10% ) was thought to be the yield stress ( y ) of aerogels according to the compressive curves. The specific moduli (E s ) and specific yield stress (σ sy ) were also calculated and are included in Table 2 .
The samples of CNF100 were easily compressed with a modulus of 65.59 kPa and yield strength of 65.15 kPa. By incorporating 50% of MF, the compression moduli and compressive stress ( 70% ) of CNF50MF50 were increased 3.16 and 1.44 times, respectively. Additionally, both the E s and σ sy were increased with the addition of MF. This is because cross-linking between CNFs and MF enhanced the structural integrity of aerogels, making the materials more resistant to deformation under applied stress. [39] However, higher levels of MF reduced the mechanical properties of CNF-based aerogels (sample CNF40MF60). This may have been caused by the selfpolymerization of MF. Hydrophobic MF polymer could decrease cross-link quantity and break the interfacial bonding between CNFs. This effect is shown in Figure 3d .
A similar phenomenon was observed in CNF/MMT composite aerogels when MF was added. CNF33MMT33MF34 had a specific modulus of 18.2 MPa and a specific yield stress of 5.5 MPa, which were higher than the corresponding values of CNF50MMT50. These increases indicate that the cross-linking effect of MF also works in CNF/MMT composite aerogels. The mechanical properties of foam-like aeogels also depend on their apparent density. Greatest compressive stress (σ 70% ) was observed on CNF50/MF50 that has highest apparent density. First, CNF concentration in corresponding suspensions of CNF/MF aerogels is higher than the one for preparing CNF/MMT/MF composite aerogels, as seen in Table 1 . Second, Clay existence in aerogels decreases the volume shrinkage of composite aerogels. TGA weight loss data and corresponding DTG curves of aerogels are shown in Figure   5 . The relevant parameters, including the onset decomposition temperature (T d5% ), maximum decomposition temperature (T dmax ), maximum mass decomposition rate (dW/dT max ) and residue amount (W R ) are summarized in Table 3 . T d5% was given as the temperature at which 5% weight beyond total loss of water occurred after 120 values, CNF/MF composites exhibit higher maximum decomposition temperatures , lower maximum weight loss rates and larger residue amounts than pure CNF aerogels.
Thermal Stability
By incorporating 50% MF, T dmax increased by ~20 o C and maximum weight loss rate decreased from 9.2 to 4.0. These changes are attributed to the formation of cross-links between CNFs and MF. [39] After adding 50 wt% of MMT to CNF aerogels, T d5% increased by nearly 10 o C and maximum weight loss rate dropped by 57.6% compared to pure CNF aerogels. This is because the added MMT thermally insulated the CNFs and protected them from rapid thermal decomposition. [40] However, MMT addition caused a mild decrease in T dmax , possibly related to the higher thermal conductivity resulting from denser and more compact structure of the aerogels [28] . When MF was added into CNF/MMT composite aerogels, T dmax increased by over 20 o C and dW/dT max monotonically decreased with the MF content in aerogels. These improvements were attributed to the cross-linked structure of the aerogel as well as the positive effect of MMT on char formation.
Combustion Behavior Figure 6.
Limiting oxygen index (LOI) tests and UL-94 tests were conducted to compare the flammability of the pure CNF aerogels and CNF composite aerogels. The corresponding results are shown in Figure 6a and Table 4 , respectively. Neat CNF aerogels were the most flammable with a low LOI value of 17.1% and with no UL-94 rating. The addition of both MMT and MF caused minor increase of LOI of CNFbased aerogels. Meanwhile, these samples did not show UL-94 rating. MMT is wellknown for its contribution to charring. However, the protective barrier formed by MMT in the fire region only slows the flame spread. MMT does not significantly reduce the fire load, ignitability, or flammability of the material. [41] Consequently, the sample of CNF50MMT50 also showed a relatively low LOI value of 22.3%. LOI values increased by MF cross-linking primarily because MF combustion produces gasses which have a diluting effect. [39] Low contribution of MF to char formation resulted in a slight increase of 5.2-6.7% in the LOI value of MF-modified aerogels.
When MF and MMT were simultaneously used to modify CNFs based aerogels, the corresponding composite aerogels reached V-0 rating with much more pronounced improvement in LOI values. When each component accounted 1/3 of weight of aerogel (CNF33MMT33MF34), the LOI value of aerogels increased to 57%. It was also observed that the aerogels showed a self-extinguishing property and merely shrank a little after 60 s of ignition by an alcohol burner, as shown in Figure   6b . These suggest a synergistic effect between MMT and MF's impacts on the flame retardant properties of CNF aerogels. However, when the MF content was further increased to CNF28MMT28MF44 a slight decrease in LOI values was observed. This phenomenon could be due to self-polymerization of MF which reduced the amount of free melamine molecules that can decompose at lower temperatures.
Figure 7.
The combustion of these aerogels was also investigated via cone calorimetry tests which mimic the combustion behavior of a material in a real fire scenario. The heat release rate and total heat release of the samples are exhibited in Figures 7a and 7b, respectively. Corresponding quantitative information including peak of heat release rate (PHRR), time to PHRR (TTPHRR), total heat release (THR), fire growth rate (FGR) and residue amount (W R ) are listed in Table 5 .
Neat CNFs aerogels displayed a typical combustion behavior which has been described in previous works. [42] Its HRR pattern exhibited a sharp peak after burning for 10 s with a PHRR value of 51.05 kW/m 2 . This behavior indicates that pure CNF aerogels burn quickly and release large amounts of heat in a short time. After crosslinking with 34 wt% of MF, PHRR and FGR decreased by 28.54 kW/m NH 3 . The NH 3 dilutes the fuel gas and hinders the spread of flame. MF cross-linked aerogels exhibit higher THRs than the pure ones. This may be due to the burning of MF which also contributes to heat release. Increased amounts of MF did not improve the flame retardant properties of the aerogels significantly due to the decrease of free melamine molecules as discussed previously.
The addition of MMT reduced the PHRR, THR and FGR of cellulose aerogels, which was expected based on prior research. [43] This is attributed to the clay enrichment of the sample surface during heating, [44] protecting the substrate material.
LOI tests showed that MMT and MF had a synergistic flame retardant effect on CNFs aerogels. This phenomenon is also observed in cone calorimetry tests. Compared to sample CNF50MMT50, the addition of 34 wt% of MF led to a 54.6% reduction of PHRR and a 53.2% decrease of THR, respectively. Moreover, TTPHRR increased to 85 s and FGR decreased to 0.07 W/s. This improvement is possible due to a gascondensed flame retardation mechanism that was created by interactions between MMT and MF in CNF aerogels. MMT acts as a catalyst, promoting the char formation of melamine. Meanwhile, diluting effect of NH 3 gas from pyrolyzing MF decreases the concentration of fuel gas. Finally, a compact carbonaceous layer containing MMT formed on the top restricting the oxygen and heat propagation in materials. [45] 
Conclusions
We successfully fabricated highly flame retardant CNF-based aerogels with improved A facile method is proposed to fabricate nonflammable cellulose nanofibril/sodium montmorillonite composite aerogels with improved mechanical properties by crosslinking with melamine-formaldehyde. Montmorillonite and melamine-formaldehyde play a synergistic effect on the improvement of flame retardancy and mechanical properties of the CNFs aerogels. The modified cellulose nanofibril based aerogels have a limiting oxygen value as high as 57%.
